For the present study, we selected two Trichoderma strains which had been previously studied for their peptide content and considered the influence of an Aib-supply on the biosynthesis of the 20-residue longibrachins by Trichoderma longibrachiatum24) ( Fig. 1-A) and of the 18-residue trichorzins PA ( Fig. 1-B ) and the 14-residue harzianins PC by Trichoderma harzianum.25)
We here describe the modifications of the microheterogeneous peptide mixtures composition arising from Aib-directed biosynthesis in these two Trichoderma strains. We also report on the effect of supplementing the standard growth medium of T. longibrachiatum and T. harzianum with charged amino acids such as glutamic acid and arginine, glutamic acid being a natural component of peptaibols, while the positively charged arginine is usually absent in these peptides.
Results and Discussion
Aib-directed Biosynthesis of Peptaibols
As Aib is the peculiar amino acid responsible for the special characteristics and properties of peptaibols, the Aib-directed biosynthesis of the selected peptaibols was first examined. Fermentation of T. longibrachiatum (M-853431) on a synthetic medium led to a crude peptaibol mixture, isolated from the culture broth extract by exclusion chromatography over Sephadex LH20. When submitted to silica gel chromatography, the crude peptide fraction provided two peptide groups, designated as longibrachins LGA (neutral) and LGB (acidic) ( Table   1 ). The LGA and LGB HPLC profiles obtained on a ( Fig. 1-A ).24) When T. longibrachiatum was grown on a 0.8% w/v Aib-supplied medium and the peptide mixture separated according to the usual procedure, two peptide groups were also obtained ( Table 1 ) and termed longibrachins LGAU and LGBU. Regarding their HPLC profile, they appeared much simpler, each characterized by one main peptide, LGAU 1 ( Fig. 2-B ) and LGBU 2 ( Fig. 2-D) . Both longibrachins were isolated by repetitive semi-preparative HPLC and submitted to a co-chromatography HPLC study in order to assign LGAU 1 and LGBU 2, as compared to the LGA and LGB natural mixtures obtained on the normal culture medium ( Table 2 ). The HPLC results indicated LGAU 1 to be LGA I and LGBU 2 to be LGB II, in agreement with the NMR and MS data. Using the same multistep chromatography procedure as described above, fermentation of T. harzianum (M-902608) led to three main peptide groups of different polarity designated as PC, PD and trichorzins PA (Table  3) . HPLC analysis of the PA mixture was performed on a C18 reversed-phase column, exhibiting at least nine components (Fig. 3-A, Table 4 ), while PC and PD mixtures, which are not described here, were more complex. The sequence of the isolated trichorzins PA (Fig. 1-B) have been determined in a previous work. 25) When the medium was Aib-enriched, the T. harzianum strain led only to two peptide groups, a minor group termed harzianins PCU and a major group termed trichorzins PAU (Table 3) , revealing the simplification of the biosynthesized peptide mixture and the complete inhibition of the PD group production. HPLC analysis of the PAU mixture showed mainly one peptide PAU 4 and few minor components (Fig. 3-B) . After purification by repetitive semi-preparative HPLC, the different tri- chorzins PAU were co-injected with the natural mixture of known trichorzins PA obtained on the standard culture medium. That indicated PAU 4 and PAU 6 to exhibit the same retention time as PA I and PA III respectively (Table 4) , as shown by a significant enhancement in their peak intensity. As both PA I and PA III peptides have been previously shown to be heterogeneous and each composed of at least two homologous peptides, from MS and NMR data,25) the present data suggested PAU 4 and PAU 6 to be one of the two components making up the PA I and PA III peaks, respectively. In addition, new peptides were produced; three of them, PAU 1, PAU 2 and PAU 3, exhibited shorter retention time than those of the trichorzins PA obtained on the normal medium ( Fig. 3-B , Table 4 ); less hydrophobic than trichorzins PA, they appeared original but were not isolated in sufficient amount to examine their structures. Moreover, HPLC analysis of the PCU mixture showed more than 12 peaks (Fig. 4) ; among the 12 peptide fractions isolated by further semi-preparative HPLC, only one corresponding to PCU 4 was homogeneous, as shown by further analyses (see the following paper).
As exemplified by the two studied Trichoderma strains, these results give evidence that an exogenous Aibsupplied medium results in peptaibol biosynthesis modifications, leading to peptide mixture simplification. Indeed, the addition of Aib to the T. harzianum strain cultures led to the almost exclusive biosynthesis of a single peptide, in which all Iva residues have been replaced by Aib.
Charged
Amino Acid-directed Biosynthesis of Peptaibols
In a second step, the feasibility of incorporating charged amino acids into peptaibol sequences has been investigated by examining the effects of adding glutamic acid and arginine to T. longibrachiatum and T. harzianum fermentations, respectively. As the negatively charged glutamic acid naturally occurs in the LGB group of longibrachins biosynthesized by T. longibrachiatum, the influence of a Glu-supplied medium on the course of the longibrachin biosynthesis was examined, expecting an increased or exclusive production of acidic longibrachins
LGB. Indeed, a larger production of longibrachins LGBE to the detriment of the neutral LGAE (Table 1) was observed. The composition of each peptide group was also affected by the Glu-supply, as a single peptide was synthesized inside each longibrachin group. These two peptides, designated as LGAE 1 and LGBE 1 were assigned to LGA I and LGB II, respectively (Table 2) by HPLC co-chromatography confirmed by further NMR and MS data.
The positively charged arginine is normally absent from any peptaibol sequence and the possibility of incorporation of this amino acid in a peptaibol could affect considerably the membrane and antibiotic prop- erties of these peptides. The effect of adding arginine was studied on the T. harzianum strain. Upon the Argenrichment of the medium, T. harzianum only produced one peptide group, designated as trichorzins PAR, showing that biosynthesis of the PC and PD groups was more strongly inhibited than with an Aib-supply (Table   3 ). The HPLC profile of trichorzins PAR exhibited mainly two peptides, PAR 2 and PAR 3, and three minor compounds, PAR 1, PAR 4 and PAR 5 (Table 4) . A HPLC co-chromatography indicated PAR 2 and PAR 3 to be PAU 4 and PA II respectively, which was confirmed by further NMR and MS data. Similarly, the minor compounds, PAR 1, PAR 4 and PAR 5, were shown to be PAU 3, PA III and PA VI, respectively.
As observed with the Aib-supply, the adjunction of charged amino acids to the fermentation medium led to the simplification of the peptaibol mixtures. The Glu-supply favored the synthesis of acidic longibrachins, Isolation Separated from the mycelia by filtration, the filtrated broths were extracted three times with n-butanol. The crude extracts were evaporated to dryness. The residues were then submitted to gel chromatography over Sephadex LH20 with MeOH as eluent. Crude peptide mixtures, which contained peptides and others metabolites such as carbohydrates, were then chromatographed on silica gel (Kieselgel 60H, Merck, Darmstadt) with T. longibrachiatum cultivated on normal medium, the
LGA group eluted first with CH2Cl2-MeOH (8: 2), followed by LGB with CH2Cl2-MeOH (3:7); for the amino acid-supplemented media, two groups eluted in similar conditions, LGAU and LGBU for the Aib supply,
LGAE and LGBE for the Glu supply (E and U designate the Glu-and Aib-supplies by the amino acid one-letter code). In the case of T. harzianum cultivated on normal medium, the PC group eluted first, followed by PA and PD, with CH2Cl2-MeOH (8:2); for the Aib-supplemented medium PCU and PAU groups eluted with CH2Cl2-MeOH (8:2), whereas the PAR group was only present with the Arg-supply, eluting with CH2Cl2-MeOH (8:2) (Tables 1 and 2 ).
HPLC Separations
High-Performance Liquid Chromatography was carried out with a Waters liquid chromatograph (717 plus Autosampler, 600E Multisolvent Delivery System and 486 Tunable Absorbance Detector) on an analytical C18 Retention times of longibrachins (LGA, LGAU, LGAE and LGB, LGBU, LGBE) and of trichorzins (PA, PAU, PAR) are given in Table 2 and Table 4 , respectively. 
